Abstract: In this paper, a 2-D anisotropic metasurface for generating an azimuthally polarized beam is structured with a patterned metallic layer, which is composed of a fork hologram and periodically aligned sector-shaped antennas in annular circles. The polarization state of the light is tailed due to the plasmonic effect of the antenna unit, which behaves like a single nanopolarizer. The induced Pancharatnam-Berry phase will be compensated by the fork hologram. Such a metasurface in a large pattern size of 27 by 27 μm with fine nanoaperture slits in a resolution of 200 nm is successfully fabricated. Numerical simulations of the single antenna element and the whole holographic structure are performed and coincide with experimental results well. An azimuthally polarized vector beam with a ring-shaped intensity distribution is generated by the metasurface from an incident circularly polarized light, which will serve as flat optical components in optical trapping, super-resolution imaging, and other application fields.
Introduction
Metasurfaces possess super abilities to manipulate light by tailoring and controlling polarizations, amplitudes, and phases of the waves [1] - [13] and open several application avenues such as wavefront shaping, characterization of polarization, and measurement of orbital angular momentum and other optical functional devices [14] - [17] . They are composed of artificial structures which have characteristic sizes smaller than the operating wavelength. Different from conventional optical elements and diffractive optical elements (ODEs), metasurfaces are based on surface plasmonic effects of nano-structures rather than accumulating optical paths from the optical materials. The precise control of phases of the waves allows the metasurfaces to act as abberation-free super lenses in optical, telecom and terahertz wavelengths [18] , [19] . Huang [20] , [21] demonstrated a three dimensional holography due to phase changes of a circular polarized beam scattered from plasmonic structures. Cui et al. proposed the coding or digital metamaterials which are able to manipulate the optical waves in different manners [22] - [25] . More interestingly, metasurfaces offer competitive methods to easily and precisely generate vectorial optical fields [26] - [29] compared to the previous conventional means such as spatial light modulators, optical cavities or other methods [28] , [30] - [33] . For example, Yu et al. proposed a specially designed metasurface for generating vortex optical fields using V-shaped antennas [34] . A metasurface for converting an azimuthally polarized beam to a radially polarized light, which is then focused again to obtain an optical needle field [27] . Arbitrary spatial variations of phase and polarization of optical fields are realized by using rectangular nano-slits [26] . By varying the orientation of rectangular slits, the polarization of the transmitted light can be rotated according to the designed pattern. However, an additional Pancharatnam-Berry phase is induced at the same time with the rotational slits [35] . In order to compensate the helical phase, Lin combined a fork hologram with concentric metallic rings to obtain a radially polarized beam [36] . However, generating a high quality azimuthally polarized beam based on metasurfaces is still an interesting and challenge task and has yet to be realized.
In this paper, a holographic metasurface based on carefully aligned sector nano-slit plasmonic antennas is proposed to convert a circularly polarized light to an azimuthally polarized beam. Such a metasurface device is ultra-compact with a size of 27 μm by 27 μm, which has the ability to be designed even smaller in the future. The fabrication of such a metasurface is achievable by only one step etching process of focused ion beam milling. Our demonstrated metasurface provides a promising way to generate cylindrical vector beams with both high qualities and high efficiencies.
Structure Design of the Holographic Metasurface
A gold layer with densely arranged sector-shaped slit antenna elements in an architecture of different annular circles is introduced in our design in order to obtain a high quality azimuthally polarized beam. The antenna shape is different from Kang's rectangular slit antennas [35] . The schematic view of the sector-shaped slit antenna arrays in a specific alignment, which will be utilized in the holographic metasurface's design, is shown in Fig. 1(a) . The whole area of the rotationally symmetric nano-pattern is separated to several subareas of neighboring annular rings which have the same central position. From the center of the circle to the outside direction, the circle is surrounded by annular rings one by one. These subareas are filled with periodic sector nano-slit arrays along the azimuthal direction. The outer arc lengths of the sector-slit antenna are always designed to be l = 199 nm, which is one third of the wavelength of the incident beam with λ = 632.8 nm. Since the radii of these circles are d, 2d, and 3d, respectively, with d = 1.9 μm, the 
With the increasing number n, sector-shaped antennas will approach to rectangular slits.
The Finite-Difference Time-Domain simulations of the single sector-shaped slit element are performed by the commercial software Lumerical. The computation area has a size of 5 μm × 5 μm × 3 μm, and is surrounded by perfect matched layers (PMLs). A sector-shaped aperture antenna is embedded in a single gold layer with a thickness of 150 nm, which means the aperture region is filled with air. Above and below the gold layer is also surrounded by air. The geometric size of the antenna in the first circle is already listed in Fig. 1(c) . The optical constant of gold is taken with reference of Palik's data. The mesh size of the aperture slit is refined to 2 nm. Fig. 2 (a) and (b) represent the simulated electric near-field distributions of E x and E y of the light, which is transmitted through the unit cell antenna of A in Fig. 1(b) when the detection plane is 180 nm away from the bottom of the gold layer. The plasmonic mode is excited on the sidewalls of the boundaries of the sector slit antenna. Since there are two sidewalls nearby each other along the radius of the sector, the highly confined metal-air-metal plasmonic mode allows the sector slit antenna behaves like a nano linear polarizer, for which the polarization of the transmitted light is always perpendicular to the radius direction of the sector. It should be noticed that the sidewall of the outer arc of the sector also induces plasmonic modes, and the field distribution of E x has a large value on the boundary of the outer arc of the antenna. The field strengths of E x are much smaller than that of E y , as shown in Fig. 2(b) . Fig. 2(c) shows the vector graph of total field distributions on the detection plane, for which the lengths of the arrows are proportional to the field amplitudes whereas the directions of the arrows represent the polarizations of the fields. The bandwidth and the transmission efficiency of a single sector-antenna is calculated as shown in Fig. 3 . The transmission is calculated by the transmitted power over the incident power, and then later is normalized to a factor, which is the ratio between the antenna area and the simulation domain in xy plane. An obvious extraordinary transmission is found, which is expected from the plasmonic effects. It can be seen in the figure that the transmission is optimized at the wavelength of 1 μm, and the full width half maximum of the transmission is 730 nm, which is ultra-broadband.
As is well known that the Jones matrix of a polarizer [35] can be described by in which α is the angle between the polarization direction and x axis. If the incident field is circularly polarized, the light passed through the polarized can be described as
In (2), the positive and the negative signs are induced from right handed and left handed incident beams respectively. It can be seen that both the polarization and the phase of the transmitted light are changed according to the angle α. Suppose the sector-shaped antenna is considered as a linear polarizer, the aligned rotational antennas shown in Fig. 1(a) will induce an additional Pancharatnam-Berry phase. In order to compensate the Pancharatnam-Berry phase, a fork hologram shown in Fig. 4 (a) is designed and calculated. An object beam is a vortex beam which has a spiral phase with a topological charge of 1, a reference beam is a tilted incident plane wave with an intersection angle of 7
• relative to the object beam, and the interference between the object beam and the reference beam results the fork hologram. It should be noticed that the spiral phase induced by the fork Fig. 5 . Scanning electron microscopy image of the magnified corner area of the structure (a), the entire holographic structure with an array size of 27 μm by 27 μm (b), and the center area of the structure (c).
hologram [36] is conjugate to the Pancharatnam-Berry phase of the polarization filtering by the sector nano-slit array of the nano-pattern.
The holographic metasurface, which is shown in Fig. 4 is composed of the computer generated fork hologram with the relatively large structure and rotationally symmetric nano-slits in several annular rings. For the nano-slits in Fig. 1(a) , grey pixel values of 0 and 255 are alternatively filled, which represent the subareas with the gold maintained and etched away respectively. Following the above design, there are m periods of the black and the white sector slits for the first annular ring in Fig. 4(b) . It is deduced that 2m periods for the second annular ring, 3m periods for the third one and so on. Fig. 4(c) shows the binary holographic image, which is the superposition of the relatively large features in Fig. 4(a) and the nano-structuring pattern in Fig. 4(b) . First, the pixel grey value of both the coarse and the fine patterned images are first normalized to the maximum value. Since the rotationally symmetric nano-structure pattern is a binary image for which the pixel has a grey value of either 0 or 255, the normalized value for each pixel will be either 0 or 1. Next, for each pixel position of the final holographic image, the pixel value is equal to the multiplied normalized pixel value between the coarse and the fine patterned images. Then the pixel value which is larger than 0.5 will convert to the value of 1, while the pixel value smaller than 0.5 will convert to 0. Finally, each pixel value will be multiplied by the value of 255, and re-scaled back to the normal 8 bit pixel value range.
Fabrication, Numerical Simulations and Experimental Results
For the fabrication of the sample, a 5 nm thick chromium layer and a 150 nm thick gold layer are deposited on top of a silica substrate by electronic beam evaporation machine, and the above binary holograph will be saved in a bmp format which is imported by the controlling software of the focused ion beam system(Helios Nanolab 600,FEI). During the ion beam milling process, it should be noticed that the white areas of the holographic image represent the hollow gaps in which the gold should be completely etched away, while the black areas of the image correspond to the region where the gold would be maintained. The fabricated sample with an array size of 27 μm by 27 μm is shown in Fig. 5(b) , and the magnified corner and center areas of the structure are displayed in Fig. 5(a) and (c) , respectively. It is clear that the plasmonic antenna array is fabricated in a high quality, except that in Fig. 5(c) only a few gold grains are clustered while other parts are over-etched. The factors induce such fabrication imperfections include the limit of the aspect ratio of the focused ion beam milling, and spatial drifts of the sample due to the long milling time for such a large structure array.
The experimental setup is shown in Fig. 6 . The optical beam from the HeNe laser with the wavelength of 632.8 nm will be converted to a circular polarized beam through a polarizer and a quarter wave plate. The beam is then incident on the sample of the holographic metamaterial. The positive first order diffraction beam through the sample is filtered by a linear polarizer and then imaged by a CCD camera which is placed around 30 cm away from the sample. The measured field intensity distributions of the output beam through the holographic nano-structured metamaterial are detected by the CCD camera without the linear polarizer in Fig. 7(a) , which shows a typical hollow intensity distribution of a cylindrical vector beam. Fig. 7(b) , (c), and (d) indicate the field distributions of the beam after being filtered by the linear polarizer with direction angles of φ = 0
• , 90
• and 45
• , respectively. The fields of two lobes rotate correspondingly with the change of the polarizer direction, and it is demonstrated that the generated beam is a high quality optical field of an azimuthally polarized vector beam.
In order to demonstrate the concept further and compare with the experimental results, the graph of Fig. 4(c) is imported to the commercial software Lumerical for the Finite-Difference Time-Domain simulation. The two dimensional boundary information is extracted from the graph, and is then extruded with a thickness of 150 nm. The computation area has a size of 28 μm × 28 μm × 3 μm. The mesh size of the aperture slit is refined to 2 nm. The near field distributions on the plane which is 180 nm away from the bottom of the layer are saved, and are then converted to far field distributions on a semi-sphere with a radius of 1 m for which the center matches the middle point of the sample. The default far field projection functions in the commercial toolbox of Lumerical are used to obtain the far field distributions. The near field data is decomposed of a set of plane waves propagating at different angles, and an efficient algorithm is used to calculate the electric fields in the far field regions. The distributions of the total field intensity |E x |, |E y | and | − E x + E y | of the first positive diffraction order beam are exhibited in Fig. 7(e) , (f), (g), and (h), respectively, which are coincident with the experimental results well. One reason for the slight imperfection in Fig. 7(e) is probably that the structure in the image is pixelized and discrete rather than perfect continuous features.
Conclusion
In conclusion, a holographic metasurface with specially aligned sector-shaped plasmonic antennas which can generate an azimuthally polarized vector beam from an incident circularly polarized light is demonstrated both numerically and experimentally. The positive first order diffracted beam presents a ring-shaped intensity distribution. Such a metasurface provides a convenient way to produce a vector beam with a minimized flat optical component, which will have an extensive application in optical trapping, nano-manipulation, super-resolution imaging, etc.
